In animal husbandry, antibiotics are widely used to treat and prevent diseases or to promote growth. The use of antibiotics for domestic animals enables to promote safety of livestock products and enhance productivity. Tetracycline antibiotics (TCs) are one of the primarily used groups of antibiotics for cattle and swine. However, the unintentional spreading of antibiotics from animal waste to the environment may leave out drug residues, promoting resistant strains of bacteria, and will adversely affect the ecosystem and human health. To prevent the spread of veterinary antibiotics in the environment, it is required to treat residual antibiotics in livestock wastewater. In this study, we investigated the electrochemical oxidation of TCs to treat livestock wastewater. The concentrations of TCs in aqueous solutions were reduced from 100 mg/L to less than 0.6 mg/L by 6 h of electrochemical treatment using a Ti/IrO 2 anode with Na 2 SO 4 electrolyte.
INTRODUCTION
Large amounts of various antibiotics are used for a variety of purposes. More than 2,200 tons per year of antibiotics are used in Japan. About 60% of these are used for livestock, and about 30% are for humans. The purposes of using these in animal husbandry are to prevent and to treat diseases or to promote growth. The use of antibiotics enables to assure the safety of livestock products and enhance productivity. Tetracycline antibiotics (TCs) are one of the primarily used groups of antibiotics for cattle and swine. However, the unintentional spreading of antibiotics from animal waste to the environment may leave out drug residues, promoting resistant strains of bacteria, and will adversely affect the ecosystem and human health (Witte 2000) . If antibiotics are improperly administered to animals or if the drug cessation period is insufficient, antibiotics will remain in animal-based foods, or will be excreted through urine or faeces as they are, or as their metabolites. The veterinary antibiotics are released into water and soil environment through animal wastes either directly by grazing animals or indirectly by spreading animal excreta as fertiliser onto agricultural soils. It has been reported that veterinary antibiotics derived from animal husbandry were detected in a river in Japan (Seino et al. 2004; Matsui et al. 2008) . Oxytetracycline, which is a kind of tetracycline antibiotic, was detected in the concentration ranging from 2 ng/L to 68 mg/L in stream waters in a small catchment area with livestock farms (Matsui et al. 2008) .
The presence of these pollutants in the aquatic environment presupposes a potential risk for the health of living beings, since it has been found that some drugs can favour the development of multi-resistant strains in pathogenic bacteria (Andreozzi et al. 2003) . For prevention of the spreading of veterinary antibiotics, it is of great importance to treat residual antibiotics in livestock wastewater. Electrochemical technologies have been widely studied with both real and synthetic industrial wastewaters for treatment of persistent organic pollutants. These methods allow almost complete mineralisation of the organics contained in the wastes (Guinea et al. 2009) In this study, we investigated electrochemical degradation of TCs for livestock wastewater treatment. Electrochemical experiments using a Ti/IrO 2 anode were performed with aqueous solutions containing each antibiotic with an electrolyte. In addition, we compared a Ti/IrO 2 anode with a Ti/PbO 2 anode. We also examined the electrochemical oxidation of livestock wastewater spiked with OTC. The purposes of this study were to investigate the electrochemical degradation properties of TCs and to evaluate the effectiveness of electrochemical oxidation for treating residual antibiotics in livestock wastewater. Figure 1 shows chemical structures and molecular weights (MW) of TCs; tetracycline (TC), oxytetracycline (OTC), chlortetracycline (CTC) and doxycycline (DOXY) used in this study. TCs are structurally related compounds with tricarbonylamide, phenolic diketone and dimethylamine groups. TC, OTC and CTC were obtained from Sigma (St. Louis, MO, USA). DOXY was purchased from MP Biomedicals (Fountaion Pkwy, OH, USA). The tetracycline antibiotics have high solubility in water. Acetonitrile (HPLC grade) was obtained from Sigma (St. Louis, MO, USA). Trifluoroacetic acid (TFA) was obtained from Merck (Darmstadt, Germany). Other reagents of analytical grade were purchased from Wako (Osaka, Japan).
MATERIALS AND METHODS

Chemicals
Preparation of electrolytic solutions and wastewater samples
Each TC solution (100 mg/L each drug) for electrochemical oxidation was prepared by diluting with phosphate buffer (pH 7.0) to maintain the pH of the solution. The livestock wastewater used in this study was collected from a dairy milking parlour located in Tokachi district, Japan. The solution volume for electrochemical experiments was 500 mL. The samples contained manure and dairy chemicals, but did not contain waste milk. Concentration of each TC in the sample was under detection limit using a HPLC-UV (o0.1 mg/L). For the electrochemical experiment, the dairy milking parlour wastewater was spiked with 100 mg/L of OTC.
Experiments of electrochemical oxidation
The electrochemical oxidation experiment was conducted in a glass beaker, equipped with a 150 Â 50 mm mesh anode and a plate cathode. The anode was a Ti/IrO 2 or a Ti/PbO 2 electrode. The titanium plate (150 Â 50 mm) was used as cathode. The anode and the cathode were placed vertically and parallel to each other with electrode gap of 10 mm in the beaker. One thousand milligrams of Na 2 SO 4 or NaCl was added as the electrolyte. The electrochemical oxidation was carried out at a constant current of 1.5 A. The sample solution was agitated by a magnetic stirrer.
Analytical method
Separation and determination of TCs were performed on a HPLC system equipped with a UV detector (Shimadzu, Japan). Chromatographic separations were carried out using a C18 column (L-column2 ODS, 150 mm Â 2.1 mm I.D., particle size 3 mm, Chemicals Evaluation and Research Institute, Japan). Samples were diluted (1:10) with distilled water for HPLC analysis. All the separations were performed at 401C. The mobile phase consisted of acetonitrile/0.1% TFA (23/77, v/v). The mobile phase flow rate was 0.2 mL/ min and the detection wavelength was set at 360 nm. The injection volume was 10 mL and all of the drugs were eluted within 15 min. The retention times of OTC, TC, CTC and DOXY were 3.9, 4.6, 8.6 and 11.6 min, respectively.
OH
RESULTS AND DISCUSSION
Effect of anode materials
The effect of anode materials on electrochemical oxidation with a Ti/IrO 2 or Ti/PbO 2 anode for degradation of TCs was tested. Electrochemical experiments with different anodes were performed on each aqueous solution containing OTC or CTC. The initial concentration of each antibiotic was prepared with 100 mg/L. Figure 2 shows the changes in the concentrations of OTC and CTC during the electrochemical oxidation with Na 2 SO 4 electrolyte using different anode materials. With a Ti/IrO 2 anode, the concentration of each OTC and CTC was reduced from 100 mg/L to less than 0.5 mg/L after 6 h. With a Ti/PbO 2 anode, the concentration of each was reduced from 100 mg/L to less than 0.1 mg/L only for 2 h of electrochemical treatment. Each antibiotic concentration was decreased with an increase of electric charge. This suggests that both anode materials, Ti/IrO 2 and Ti/PbO 2 , were effective for degradation of OTC and CTC. The degradation rate of OTC and CTC was higher at Ti/PbO 2 than at Ti/IrO 2 .
The difference between Ti/IrO 2 and Ti/PbO 2 could be explained by the different two states for ''active oxygen'' at anode surface on direct anodic oxidation (Comninellis 1994) . The physically adsorbed ''active oxygen'' (OH) can oxidise organic compounds at the surface of the inactive electrode such as Ti/SnO 2 and Ti/PbO 2 (Simond et al. 1997 ). In contrast, the chemically adsorbed ''active oxygen'' tends to be oxidised into O 2 with an active electrode such as Ti/IrO 2 . Thus, it can favour selective oxidation of organic compounds with an active electrode.
The result indicated that the physically adsorbed ''active oxygen'' (OH) at the surface of a Ti/PbO 2 anode accelerated the degradation of OTC and CTC. However, lead (Pb) is a potentially harmful metal for human health and environmental contamination. As shown in Figure 2 , the selective oxidation of organic compounds with an active electrode, the Ti/IrO 2 anode, showed sufficient efficiency for degradation of OTC and CTC. Therefore, we chose the Ti/IrO 2 anode for electrochemical experiments in this study. Li et al. (2008) demonstrated the effect of ozonation on the degradation of OTC (100 mg/L) in synthetic aqueous solution. The data showed that almost 90% OTC decomposition appeared after 10 min of ozonation at pH 7. Bautitz & Nogueira (2007) reported that the degradation of the tetracycline (24 mg/L) in aqueous solution by the photo-Fenton process was very efficient for the degradation, achieving total degradation after approximately 1 min irradiation. The obtained data was consistent with other studies that the concentration of TCs is decreased quickly by advanced oxidation process with strong oxidants such as hydroxyl radicals. Choi et al. (2008) tested the removal of TCs (100 mg/L) in synthetic and river water using coagulation and granular activated carbon (GAC) filtration. As compared with the adsorption tests, it is indicated that the electrochemical oxidation is a suitable method for treatment of high concentration of TCs. Electric power consumption is a major cost factor for the electrochemical operation. With Ti/PbO 2 anode and Na 2 SO 4 electrolyte, the power consumption was approximately 2.7 g OTC/kWh during 2-h operation. Guinea et al. (2009) reported that the electrochemical oxidation technology was most efficient for mineralisation of high concentration of enrofloxacin synthetic wastewater in comparison with ozonation and Fenton oxidation. Figure 2 also showed that the removal rate is dramatically decreased as the concentration of OTC is decreased below 10 mg/L. It is still required to be investigated for further increasing the removal rate at lower concentration on the electrochemical oxidation.
Comparison of Na 2 SO 4 and NaCl as electrolytes
The influence of electrolytes for electrochemical degradation of TCs was investigated by adding Na 2 SO 4 or NaCl. Electrochemical experiments with different electrolytes were performed on aqueous solutions containing each of OTC or CTC. The initial concentration of each antibiotic was prepared at 100 mg/L. Figure 3 shows the changes in the concentrations of OTC and CTC during the electrochemical oxidation using a Ti/IrO 2 anode with different electrolytes. With Na 2 SO 4 electrolyte, concentrations of each OTC and CTC were reduced from 100 mg/L to less than 0.5 mg/L after 6 h. It indicated that the electrochemical oxidation occurring at Ti/IrO 2 surface was effective for the degradation of OTC and CTC. With NaCl electrolyte, each concentration was reduced from 100 mg/L to less than 0.3 mg/L only in 30 min of electrochemical treatment. In this case, each concentration was dramatically reduced.
The electrochemical oxidation applied for wastewater treatment is explained by a direct anodic oxidation or an indirect oxidation (Chiang et al. 1995) . In the direct anodic oxidation, the organic pollutants are destroyed on oxide anode by electrochemical conversion or combustion (Comninellis 1994) . In the indirect oxidation, the electrogenerated oxidants such as hypochlorite (Comninellis & Nerini 1995) or peroxodisulphates (Canizares et al. 2003 ) destroy the pollutants in the bulk solution. When adding Na 2 SO 4 , the direct oxidation mainly occurs at the anode surface. When adding NaCl, the direct oxidation occurs at the anode surface and indirect oxidation also occurs at the bulk solution by sodium hypochlorite which is electrogenerated as a secondary oxidant.
The results indicated that electrogenerated hypochlorite promoted the oxidation of OTC and CTC by acting as a strong oxidant. However, the addition of NaCl as the electrolyte has a possibility of producing noxious chloro-organic compounds. In the case of Na 2 SO 4 , the results showed high efficiency of degradation. Therefore, we chose Na 2 SO 4 as the electrolyte in this study.
Electrochemical oxidation of OTC, TC, CTC and DOXY
Electrochemical experiments using a Ti/IrO 2 anode with the Na 2 SO 4 electrolyte were conducted for aqueous solutions containing each TC; OTC, TC, CTC and DOXY. Figure 4 shows the relative changes in the concentrations of four TCs during the electrochemical oxidation. Similar behaviour of electrochemical degradation was observed in all four TCs. Concentration of all four TCs was reduced from 100 mg/L to less than 0.6 mg/L after 6 h of electrochemical treatment. It indicated that the electrochemical oxidation occurring at Ti/IrO 2 surface was effective for the degradation of four TCs. Therefore it can be concluded that this method is suitable for the degradation of TCs such as OTC, TC, CTC and DOXY. 
Electrochemical oxidation of TCs in livestock wastewater
Applicability of the proposed method to livestock wastewater was evaluated. We conducted an electrochemical experiment for dairy milking parlour wastewater spiked with 100 mg/L OTC using a Ti/IrO 2 anode with the Na 2 SO 4 electrolyte. The COD value of the wastewater used in this study was approximately 1,500 mg/L. Figure 5 shows the relative change in the concentration of OTC in milking parlour wastewater during the electrochemical treatment. For the purpose of comparison, the result of OTC in aqueous solution was included in Figure 5 . The results showed the concentration of OTC in milking parlour wastewater can be reduced by this method. It was reduced from 100 mg/L to less than 0.7 mg/L after 6 h of electrochemical treatment. As shown in Figure 5 , the degradation rate of OTC in milking parlour wastewater was equivalent to that of OTC in aqueous solution. Thus, this method was effective for the degradation of OTC in milking parlour wastewater as well as that in aqueous solution. OTC was considered to be preferentially electrochemically degraded by this method. Therefore, it can be suggested that the electrochemical oxidation is suitable for degradation of OTC in livestock wastewater. We obtained satisfactory results for the application of electrochemical treatment for livestock wastewater. Ben et al. (2009) demonstrated high removals of sulfonamide antibiotics by Fenton's reagent in swine wastewater pretreated with sequencing batch reactor. These results indicate that the advanced oxidation process with hydroxyl radicals is considered to remove veterinary antibiotics in livestock wastewater.
CONCLUSIONS
The electrochemical oxidation was effective for degradation of TCs in aqueous solutions. A similar behaviour of electrochemical degradation was observed in all four TCs investigated: OTC, TC, CTC and DOXY. The electrochemical oxidation occurring at Ti/IrO 2 surface was effective for the degradation of TCs with Na 2 SO 4 as the electrolyte. Under these conditions, the electrochemical oxidation was conducted for the livestock wastewater spiked with OTC. The results showed the degradation rate of OTC in milking parlour wastewater was equivalent to that of OTC in aqueous solution, suggesting that this method is suitable for the degradation of OTC in livestock wastewater. 
